. Therefore, molecular events occurring in the CNB domain must be coupled to movements of the pore walls.
CNG channels open in the presence of a steady CN concentration, and their opening probability remains unaltered as long as CNs are present in the medium bathing the intracellular side of the membrane. Some years ago, it was shown that a point mutation in the pore region changed rather profoundly the gating of CNGA1 channels from bovine rods: when Glu363 was mutated into alanine, serine, or asparagine, mutant channels desensitized in the presence of a steady cGMP concentration ( Bucossi et al., 1996 ) . Given the signifi cant homology between K + and CNG channels ( Becchetti et al., 1999 ; Liu and Siegelbaum, 2000 ) , it is possible that desensitization of mutant channel E363A could originate from molecular mechanisms very similar to those underlying C-type inactivation in K + channels ( Liu et al., 1996 ; Contreras et al., 2008 ) .
Here, we show that C-type inactivation of K + channels and desensitization in CNGA1 channel E363A mutant are similarly associated with rearrangements of residues in the outer vestibule and in the P helix. The analysis of the presence or the absence of desensitization in different constructs from CNGA1 channels indicates that
The analysis of desensitizing CNGA1 channels reveals molecular interactions essential for normal gating Monica Mazzolini , Claudio Anselmi , and Vincent Torre International School for Advanced Studies, I-34014 Trieste, Italy
The pore region of cyclic nucleotide -gated (CNG) channels acts as the channel gate. Therefore, events occurring in the cyclic nucleotide -binding (CNB) domain must be coupled to the movements of the pore walls. When Glu363 in the pore region, Leu356 and Thr355 in the P helix, and Phe380 in the upper portion of the S6 helix are mutated into an alanine, gating is impaired: mutant channels E363A, L356A, T355A, and F380A desensitize in the presence of a constant cGMP concentration, contrary to what can be observed in wild-type (WT) CNGA1 channels. Similarly to C-type inactivation of K + channels, desensitization in these mutant channels is associated with rearrangements of residues in the outer vestibule. In the desensitized state, Thr364 residues in different subunits become closer and Pro366 becomes more accessible to extracellular reagents. Desensitization is also observed in the mutant channel L356C, but not in the double-mutant channel L356C+F380C. Mutant channels L356F and F380K did not express, but cGMP-gated currents with a normal gating were observed in the double-mutant channels L356F+F380L and L356D+F380K. Experiments with tandem constructs with L356C, F380C, and L356C+F380C and WT channels indicate that the interaction between Leu356 and Phe380 is within the same subunit. These results show that Leu356 forms a hydrophobic interaction with Phe380, coupling the P helix with S6, whereas Glu363 could interact with Thr355, coupling the pore wall to the P helix. These interactions are essential for normal gating and underlie the transduction between the CNB domain and the pore.
fused with the same pipette-fi lling solution. In some experiments, 2.5 mM MTSET was added to the solution fi lling patch pipettes ( Becchetti et al., 1999 ) to test the effect of sulfhydryl-specifi c reagents applied in the extracellular medium. In some selected experiments, the application, in the bath or in patch pipette solution, of 5 mM dithiothreitol (DTT) was used to reduce the formation of disulfi de bonds.
R E S U LT S
The wild-type (WT) CNGA1 channel from bovine rods in the presence of a steady cGMP concentration of 1 mM does not desensitize ( Fig. 1 A ) , and the amplitude of the cGMP-activated current remains stable for several minutes. We performed an extensive scanning mutagenesis from Val348 to Phe380 to fi nd desensitizing mutant CNGA1 channels replacing the native residue with an alanine or cysteine. As the 3-D structure of CNGA1 channels is not identical ( Mazzolini et al., 2008 ) to that of the construct where all native cysteines have been replaced by a residue not bearing a thiol group (CNGA1 cys-free ), we inserted alanine or cysteine residues in the CNGA1 background and not in the CNGA1 cys-free background. The great majority of these mutant channels did not desensitize, but we found four mutant channels, which in the presence of a steady concentration of 1 mM cGMP desensitized: L356A, E363A, T355A, and F380A. As shown in Fig. 1 , all these mutant channels to some extent desensitized: the cGMPactivated current at +60 mV in mutant channel L356A ( Fig. 1 D ) declined to 24.8 ± 5.6% ( n = 6) of its original level within 3 -5 s. A lower and slower desensitization was also observed in mutant channels E363A ( Fig.  1 B ) , T355A ( Fig. 1 C ) , and F380A ( Fig. 1 E ) , where the cGMP-activated current declined to 51.0 ± 4.9% ( n = 14), 55.6 ± 5.9% ( n = 6), and 77.5 ± 6.6% ( n = 13), respectively, of what was measured immediately after cGMP addition.
When cGMP was removed from the bathing medium for at least 1 min, 1 mM cGMP activated a current of amplitude similar to that initially observed ( Bucossi et al., 1996 ) . Desensitization was faster and stronger at negative voltages than at positive voltages ( Bucossi et al., 1996 ) , and at Ϫ 60 mV the cGMP-activated current of mutant channels L356A, E363A, T355A, and F380A declined to 2.0 ± 0.5% ( n = 3), 9.0 ± 4.4% ( n = 6), 38.4 ± 2.0% ( n = 5), and 52.5 ± 18% ( n = 4), respectively, from the current initially observed.
Desensitization of mutant CNGA1 channels is reminiscent of C-type inactivation after a prolonged depolarization observed in the great majority of K + channels ( Kurata and Fedida, 2006 ) . C-type inactivation has been recently investigated at a detailed molecular level in the KcsA channel ( Cordero-Morales et al., 2006a ,b, 2007 Chakrapani et al., 2007 ) , and it is almost abolished in the KcsA channel E71A mutant ( Cordero-Morales et al.,
Leu356 has a strong hydrophobic interaction with Phe380, coupling the P helix and S6, and suggests that Glu363 could interact with Thr355, coupling the pore wall to the P helix. Our results show that these interactions are essential for normal gating: they underlie the transduction between the CNB domain and the pore, and their disruption is responsible for desensitization.
M AT E R I A L S A N D M E T H O D S

Molecular biology
The CNGA1 channel from bovine rod consisting of 690 residues was used. Selected residues were replaced as described previously ( Becchetti et al., 1999 ; Matulef et al., 1999 ) using the Quick Change Site-Directed Mutagenesis kit (Agilent Technologies). Point mutations were confi rmed by sequencing using the sequencer LI-COR (4000L). cDNAs were linearized and transcribed to cRNA in vitro using the mMessage mMachine kit (Applied Biosystems).
Tandem dimer constructs were generated by the insertion of one copy of the CNGA1 DNA into a vector pGEMHE already containing another copy of CNGA1 DNA. At the end of the cloning process, two copies of the CNGA1 DNA were connected by a 10 -amino acid linker, GSGGTELGST ( Rothberg et al., 2002 ) , joining the C terminus of the fi rst CNGA1 with the N terminus of the second one (see Fig. 5 ). This second subunit was made by replacing the ApaI restriction site GGGCCC at the end of the CNGA1 DNA without changing the amino acid GGTCCC and adding to the start codon a new ApaI restriction site, followed by a linker using a PCR reaction. Subunits were linked after HindIII/ApaI was cut.
Oocyte preparation and chemicals Mutant channel cRNAs were injected into Xenopus laevis oocytes (Xenopus Express). Oocytes were prepared as described previously ( Nizzari et al., 1993 ) . Injected eggs were maintained at 18 ° C in a Barth solution supplemented with 50 μ g/ml gentamycin sulfate and containing (in mM): 88 NaCl, 1 KCl, 0.82 MgSO 4 , 0.33 Ca(NO 3 ) 2 , 0.41 CaCl 2 , 2.4 NaHCO 3 , and 5 TRIS-HCl, pH 7.4 (buffered with NaOH). During the experiments, oocytes were kept in a Ringer solution containing (in mM): 110 NaCl, 2.5 KCl, 1 CaCl 2 , 1.6 MgCl 2 , and 10 HEPES-NaOH, pH 7.4 (buffered with NaOH). Usual salts and reagents were purchased from Sigma-Aldrich, and 2-(trimethylammonium)ethyl] methanethiosulfonate bromide (MTSET) was purchased from Toronto Research Chemicals.
Recording apparatus cGMP-gated currents from excised patches were recorded with a patch clamp amplifi er (Axopatch 200; MDS Analytical Technologies) 2 -6 d after RNA injection at room temperature (20 -24 ° C). The perfusion system was as described previously ( Sesti et al., 1995 ) and allowed a complete solution change in < 1 s. Borosilicate glass pipettes had resistances of 2 -5 M Ω in symmetrical standard solution. The standard solution on both sides of the membrane consisted of (in mM): 110 NaCl, 10 HEPES, and 0.2 EDTA, pH 7.4. The membrane potential was usually stepped from 0 to ± 60 mV. We used Clampex 10.0, Clampfi t 10.1, and SigmaPlot 9.0 for data acquisition and analysis. Data are usually given as mean ± SD. Currents were low-pass fi ltered at 2 kHz and digitally acquired at 5 kHz.
Application of sulfhydryl-specifi c reagents
In the inside-out patch clamp confi guration, soon after patch excision, the cytoplasmic face of the plasma membrane was per-chemical modifi cation during C-type inactivation ( Liu et al., 1996 ) . The identifi cation of residues in CNGA1 showing a similar behavior will identify conformational changes occurring during desensitization in mutant CNGA1 channels.
Conformational rearrangements during desensitization
A seminal investigation of C-type inactivation of K + Shaker channels ( Liu et al., 1996 ) has shown that C-type inactivation is associated to conformational changes occurring in the outer vestibule, during which some residues become more accessible to the reagents added to the extracellular side of the membrane ( Liu et al., 1996 ) . C-type inactivation is abolished in the KcsA channel E71A mutant ( Cordero-Morales et al., 2006b , i.e., when a negative residue in the pore region has been neutralized and replaced with a smaller residue. Therefore, desensitization of mutant channel E363A, where the glutamate in the pore region has been neutralized, could share molecular mechanisms similar to those of C-type inactivation in K + channels. Given the homology between CNGA1 and K + channels, we asked whether desensitization in mutant channel E363A could be mediated by conformational changes similar to those occurring during C-type inactivation in K + Shaker channels in which mutant channels M448C, T449C, and P450C change their accessibility to chemical modifi cation in the inactivated state ( Liu et al., 1996 ) .
To verify this hypothesis, we engineered two desensitizing mutant channels, E363A+T364C and E363A+P366C, bearing a cysteine in positions similar to those of Shaker K + channels, known to become more accessible to extracellular MTSET ( Liu et al., 1996 ) in the inactivated state.
2007 ), suggesting that modifi cations of chemical interactions in the pore region control the degree of inactivation. These observations indicate that desensitization of mutant channels T355A, L356A, E363A, and F380A, illustrated in Fig. 1 , could originate from the disruption and/or weakening of important chemical interactions necessary for the physiological operation of the channel. As the gate of CNG channels is thought to be located in the pore itself ( Fodor et al., 1997 ; Becchetti et al., 1999 ; Becchetti and Roncaglia, 2000 ; Liu and Siegelbaum, 2000 ; Flynn and Zagotta, 2003 ; Contreras et al., 2008 ) , the S6 helices must couple conformational rearrangements occurring in the CNB domain to movements of the pore walls. To identify the chemical interactions underlying this coupling, we analyzed similarities and differences between the amino acid sequence of CNGA1, Na + /K + , and K + channels. The sequence alignment of CNG channels ( Fig. 1 F ) , compatible with previous experimental results ( Becchetti and Roncaglia, 2000 ; Liu and Siegelbaum, 2000 ) and Shaker K + channel ( Tempel et al., 1987 ) , K v 1.2 ( Long et al., 2005a,b ) , K v 2.1 ( Long et al., 2007 ) , KcsA ( Doyle et al., 1998 ; Zhou et al., 2001 ) , and NaK channel ( Shi et al., 2006 ) , shows three main features. First, the signature GYG of K + channels is absent in CNGA1 channels ( Heginbotham et al., 1992 ( Heginbotham et al., , 1994 . Second, in CNGA1 channels there are several hydrophobic residues in the upper portion of the S6 (Phe380, Leu381, and Iso382) and in the P helix (Leu356 and Leu358), suggesting that the expected coupling between these two domains could be mediated by hydrophobic interactions between these residues. Third, Met448, Thr449, and Pro450 (in the green box of Fig. 1 F ) of the K + Shaker channel change their accessibility to 1, KcsA, and NaK channels. The TVGYG signature of K + channels is highlighted in yellow. Amino acids that become more accessible upon desensitization or C-type inactivation are highlighted in green. The sequence alignment was performed by using Clustal W ( Thompson et al., 1994 ) .
is more pronounced and faster at negative voltages, we analyzed the time course of the CNG current at Ϫ 60 mV. Mutant channel E363A+T364C in the presence of a steady concentration of 1 mM cGMP rapidly desensitized, and the cGMP-activated current progressively and irreversibly declined to 18.7 ± 2.0% ( n = 6) from its original level within 1 or 2 min ( Fig. 2 A ) . Removal of cGMP for several minutes did not restore the initial amplitude of the cGMP-activated current. Because in In the K + channel M448C mutant, the current fl owing through open channels rapidly declined and did not recover upon termination of the prolonged depolarization. This phenomenon is due to cross-linking among exogenous cysteines coming very close when observed in the inactivated state.
To test accessibility of the pore in the closed, open, and desensitized states, we used a protocol similar to that described by Liu et al. (1996) . As desensitization ated with molecular rearrangements occurring in the outer vestibule during which residues in positions 364 and 366 become more accessible to reagents added to the extracellular medium, similarly to what occurs in K + Shaker channels during C-type inactivation. These results suggest the structural equivalence of amino acids 364 -366 in CNGA1 channels with amino acids 448 -450 of Shaker K + channels, rather than with amino acids 447 -449, as suggested by the alignment of the relative sequences ( Fig. 1 F ) .
To study changes of accessibility in the outer vestibule during desensitization of mutant channel L356A, we also constructed the double-mutant channels L356A+T364C and L356A+P366C. Unfortunately, both mutant channels did not express functional channels, and for this reason we could not verify whether the mutant channel L356A had changes of accessibility in the outer vestibule similar to those observed for mutant channel E363A.
The mutant channel T355A desensitizes ( Fig. 1 C ) and recovers from desensitization after cGMP removal ( Fig. 3 C ) . In contrast, the mutant channel T355C desensitizes, but it does not recover from desensitization ( Fig. 3 D ) . In fact, after exposure to 1 mM cGMP for 3 min, the maximal cGMP-activated current declined to 14 ± 3.4% ( n = 8) from the original level and could not be resumed by several minutes of exposure to a solution without cGMP. The cGMP-activated current was halved in ‫ف‬ 60 s (49.2 ± 12%; n = 3) when the channel was kept in the closed state, but in 10 s (48.0 ± 3%; n = 3) and 3 s (39 ± 10%, n = 3) in the open and desensitized states, respectively, as shown in Fig. 3 E .
The irreversible decline of the cGMP-activated current of mutant channel T355C could be caused by the formation of disulfi de bonds between the sulfur atoms of exogenous cysteines or by a cross-linkage between exogenous and endogenous cysteines. The CNGA1 channel contains seven native cysteines: Cys35, Cys169, Cys186, Cys314, Cys481, Cys505, and Cys573. Cys35 is located at the cytoplasmic side near the N terminal ( Molday et al., 1991 ; Brown et al., 1998 ) , and there are experimental evidences indicating that Cys35 interacts with Cys481 in the open state, but not in the closed state Rosenbaum and Gordon, 2002 ) . Cys169 and Cys186 are located in the presumed S1 helix and therefore are expected to be far from the pore region. Cys481 is located in the C-linker region ( Brown et al., 1998 ) , and its role in channel function has been extensively studied. Modifi cation of Cys481 in the open state with sulfhydryl reagents potentiates CNGA1 channels ( Brown et al., 1998 ) . Cys505 in the CNB domain is accessible to sulfhydryl reagents in the closed state, but not in the open state ( Matulef et al., 1999 ) . Cys573 is located near the C terminus of the CNGA1 channel. The only endogenous cysteine likely to be located near the pore region is Cys314 in the S5 transmembrane segment, and it is known to interact with residues at position 380 Shaker K + channel M448C mutant the rundown of the current was reduced and reverted by the application of the reducing agent DTT to the extracellular medium, we performed similar experiments in mutant channel E363A+T364C. As shown in Fig. 2 B , when 5 mM DTT was added to the solution fi lling the patch pipette, the decline of the cGMP-activated current in the mutant channel E363A+T364C was almost prevented. In fact, after 60 s the peak of the cGMP-activated current declined by ‫ف‬ 20% in the presence of DTT, but by ‫ف‬ 80% in its absence. The spontaneous decline of the cGMP-activated current in mutant channel E363A+T364C in the presence of a continuous application of 1 mM cGMP was greatly reduced by the presence of DTT both in the patch pipette and in the medium bathing the intracellular side of the patch membrane ( Fig. 2 C ) .
In contrast, when the patch was exposed to 1 mM cGMP for just 2 s every 30 s -and therefore the CNG channel was mostly in its closed state -the cGMPactivated current declined by < 3% within 2 min ( n = 5) ( Fig. 2 D ) . When the patch was exposed to cGMP for 5 s every 10 s and CNG channels were more often in the open state, the cGMP-activated current declined by ‫ف‬ 5% within 2 min ( n = 6) ( Fig. 2 E ) . By analogy with the interpretation of the results obtained for Shaker K + channel M448C mutant, it is concluded that in CNGA1 channel E363A mutant, Thr364 in different subunits in the desensitized state becomes closer; consequently, disulfi de bonds form spontaneously, leading to an irreversible channel closure.
When 2.5 mM MTSET was present in the solution fi lling the patch pipette, corresponding to the extracellular side of the membrane of excised patches, the CNG current declined faster in the open ( Fig. 2 F ) than in the closed state ( Fig. 2 G ) . Collected data from several experiments showed that in the presence of MT-SET in the patch pipette, the cGMP-activated current within 60 s was reduced by 53 ± 5% ( n = 6) and by 79 ± 1% ( n = 9) in the open and in the closed state, respectively ( Fig. 2 H ) .
The CNG current in mutant channel E363A+P366C in the presence of 1 mM cGMP desensitized, but, contrary to what was observed for the mutant E363A+T364C, it recovered from desensitization after cGMP removal ( Fig. 3 A ) . Therefore, we investigated the time course of blockage of the cGMP-activated current caused by 2.5 mM MTSET in the extracellular medium. As shown in Fig. 3 B , half blockage of the cGMP current was observed in ‫ف‬ 5 s in the desensitized state (50 ± 1.0%; n = 5) and in ‫ف‬ 20 and 60 s when the channel was in the open (49.0 ± 6%; n = 9) and closed state (68 ± 6%; n = 6), respectively. A very similar behavior was observed in Shaker K + channel P450C mutant ( Liu et al., 1996 ) during the analysis of C-type inactivation.
The results presented in Figs. 2 and 3 (A and B) show that desensitization in mutant channel E363A is associ-Therefore, the irreversible decline of the CNG current in mutant channel T355C -not observed in mutant channel T355A -is ascribed to the formation of disulfi de bonds between exogenous cysteines of different subunits initiated by structural rearrangements of the residue in position 355 upon desensitization. The lack of the effect of DTT could be ascribed to a limited accessibility of the chemical environment around residues in position 355.
After the sequence alignment in Fig. 1 F , Thr355 corresponds to Val58 in the recently determined structure in the S6 domain ( Nair et al., 2006 ) . Consequently, we constructed the double-mutant channel T355C+C314S and verifi ed that the current activated by 1 mM cGMP exhibited an irreversible decline, with a time course very similar to that noted for the single-mutant channel T355C, as shown in Fig. 3 F . Simultaneous application of DTT to the bathing medium did not modify or slow down the irreversible decline of the cGMP-activated current in both mutant channels T355C and T355C+C314S ( Fig. 3 G ) . Similar results were observed when DTT was included in the patch pipette. and does not desensitize. The double-mutant channel L356C+F380C was constructed, and it did not desensitize in the presence of a steady cGMP concentration ( Fig. 4 C ) . However, application of DTT did not modify the observed behavior, and cGMP-activated current also did not desensitize after exposure to DTT for 20 min. The lack of effect of DTT could be explained if disulfi de bonds between L356C and F380C are buried in the membrane and are poorly accessible to the bathing medium (not depicted). If Leu356 and Phe380 form a strong hydrophobic interaction necessary for normal gating, non-desensitizing functional channels should be observed in mutant channels where Leu356 and Phe380 were interchanged. The mutant channel L356F did not express ( Fig. 4 D ) , but normal gating was observed in mutant channel F380L ( Fig. 4 E ) . Mutant channel L356F presumably did not express because phenylalanine is much larger than leucine and could not fi t properly in the restricted space between the P helix and S6, whereas leucine could substitute for phenylalanine for the formation of the hydrophobic interaction in mutant channel F380L. The double-mutant channel L356F+F380L ( Fig. 4 F ) expressed and had a normal gating. To confi rm the notion that a strong interaction between side chains of residues in positions 356 and 380 is necessary for normal gating, we constructed mutant channels with a negatively charged residue in position of the NaK channel ( Shi et al., 2006 ) , whose C ␣ -C ␣ distance in distinct subunits is larger than 16 Å . Therefore, Thr355 ' s of CNGA1 channel in different subunits need to be closer to each other than Val58 ' s in NaK channel. This suggests that the fi lter and the neighboring regions of CNGA1 channels are more fl exible than corresponding domains of other known K + channels.
Recovery from desensitization in double-mutant channels
If desensitization of these mutant channels is associated with the disruption of chemical interactions involving side chains of mutated residues, normal gating should be rescued when new interactions or chemical bonds are established between the same two residues. In particular, if desensitization in mutant channel L356A is caused by the disruption of the presumed hydrophobic interactions with Phe380, normal gating will be restored when the hydrophobic interaction is replaced by another strong chemical interaction between residues in positions 356 and 380. The mutant channel L356C desensitized and the cGMP-activated current declined to 27.0 ± 3.4% of the original value ( n = 6), similar to what was observed with the mutant channel L356A ( Fig. 4 A ) . The mutant channel F380C can be locked either in the open or closed state in the presence of oxidizing agents ( Nair et al., 2006 ) , but in their absence it has normal gating These tandem constructs exhibited desensitization ( Fig. 5,  A and B , middle row), although to a lesser extent than mutant channel L356C; in particular, the cGMP-activated current at +60 mV declined to 79.0 ± 5.5% ( n = 5) and to 80.0 ± 4.7% ( n = 6) of its original level for the tandem L356C tandem WT and L356C tandem F380C, respectively. In contrast, the tandem construct L356C+F380C tandem WT with the two exogenous cysteines in positions 356 and 380 of the same two opposing subunits did not desensitize either at positive or at negative voltages ( Fig. 5 C , middle row) . The absence of desensitization in the tandem construct L356C+F380C tandem WT is caused by the presence of the native hydrophobic interaction between Phe380 and Leu356 in two subunits, which is substituted by a disulphide bond in the other two subunits. Under these conditions the coupling between S6 and the pore region necessary for normal gating is operational.
We have previously shown that mutant channel F380C in the presence of the oxidizing agent copper phenanthroline (CuP) could be locked in a specifi c confi guration of the channel ( Nair et al., 2006 ) . When CuP is added in the presence of 1 mM cGMP, the mutant channel F380C is locked in the open state, and when CuP is added in the absence of cGMP, the channel is locked in the closed state. Therefore, we verifi ed that none of the constructs, L356C tandem WT, L356C tandem F380C, and L356C+F380C tandem WT, was locked in the open state 356 and a positively charged residue in position 380. The mutant channel F380K did not express ( Fig. 4 H ) , and the mutant channel L356D ( Fig. 4 G ) did not desensitize. The double-mutant L356D+F380K ( Fig. 4 I ) expressed and did not desensitize.
These results strongly suggest that the hydrophobic interaction between Leu356 in the P helix and Phe380 in the upper portion of S6 is essential for normal gating and underlies the coupling between the S6 and the P helix. As hydrophobic interactions are rather strong, we hypothesize that these interactions are present both in the open and closed state.
We attempted to obtain a similar experimental validation for the existence of chemical interactions between Thr355 and Glu363, but none of the constructed double-mutant channels, such as T355E+E363T and T355C+E363C, produced functional channels with a cGMP-gated current.
Having established the existence of a hydrophobic interaction between Leu356 and Phe380, we asked whether this interaction was between residues in the same subunit or in neighboring subunits. Hence, we made several tandem constructs: the tandem L356C tandem WT, where an exogenous cysteine is present in position 356 in two opposing subunits, and the tandem construct L356C tandem F380C, where two exogenous cysteines are introduced in position 356 of two opposing subunits and in position 380 of the other two subunits, respectively. The interaction between L356 and F380 is within the same subunit. Diagrams representing subunit composition of the tandem L356X -tandem WT (A, top row), the tandem L356X tandem F380X (B, top row), and the tandem L356X+F380X tandem WT (C, top row) in which X = C or A. Each subunit is represented by a circle, whereas the linker of 10 amino acids between two subunits of the tandem is represented by an arc (see Materials and methods). In the middle row, cGMP-activated currents in the presence of 1 mM cGMP at +60 mV in the tandem L356C tandem WT (A, middle row), in the tandem L356C tandem F380C (B, middle row), and in the tandem L356C+F380C tandem WT (C, middle row). In the bottom row, cGMP-activated currents in the presence of 1 mM cGMP at +60 mV in the tandem L356A tandem WT (A, bottom row), in the tandem L356A tandem F380A (B, bottom row), and in the tandem L356A+F380A tandem WT (C, bottom row).
fore, CNG channels under normal conditions do not desensitize. Here, we show that when Glu363, Thr355, Leu356, and Phe380 are individually mutated into an alanine, mutant channels desensitize ( Fig. 1 ) . The observed desensitization is attributed to the disruption of chemical interactions necessary for the normal operation of channel gating. Our results show that a strong interaction between residues in positions 380 and 356 is necessary for normal gating and that in its absence mutant channels desensitize. Therefore, desensitization in mutant channels L356A and F380A is attributed to the disruption of the hydrophobic interaction between Leu356 and Phe380.
Molecular mechanisms underlying desensitization in mutant channel E363A and likely in the other mutant channels T355A, L356A, and F380A appear to be very similar to those underlying C-type inactivation in K + channels ( Liu et al., 1996 ) involving a rearrangement of residues in the channel outer vestibule.
Desensitization of mutant channels E363A and T355A
The sequence alignment between CNGA1 and K + channels, shown in Fig. 1 F , and experimental results ( Becchetti et al., 1999 ; Liu and Siegelbaum, 2000 ; Contreras et al., 2008 ) indicate that the selectivity fi lter of CNGA1 channels is composed of residues from Thr360 to Thr364, with Thr360 and Thr364 facing the intracellular and extracellular vestibule, respectively. Therefore, the gate and the narrowest restriction of the fi lter are composed of Ile361 and Gly362.
We propose that desensitization of mutant channels E363A and T355A is caused by the disruption of important chemical interactions between Glu363 and Thr355 and/or other nearby charged or polar groups. As shown in Fig.1 , the rate of desensitization in the two mutant because the cGMP-activated current disappeared as soon as cGMP was removed from the bathing medium.
As shown in Fig. 4 , the mutant channel F380C does not desensitize, whereas mutant channel F380A desensitizes (see Fig. 1 ). Therefore, we decided to analyze desensitization in tandem constructs made of two desensitizing channels, and we constructed the tandems L356A tandem WT, F380A tandem L356A, and L356A+F380A tandem WT. As shown in Fig. 5 A (bottom row) , the construct L356A tandem WT desensitized almost as the simple mutant channel L356A. The construct F380A tandem L356A had a very low expression, and we could measure only single-channel openings, which desensitized very rapidly, usually in ‫ف‬ 8 s ( Fig. 5 B ,  bottom row) . Given the small amplitude of the cGMPactivated current, we could not establish whether desensitization was larger in the construct F380A tandem L356A. We could not measure any cGMP-activated current from the construct L356A+F380A tandem WT ( Fig. 5 C , bottom  row) . The lack of functional channels in the construct L356A+F380A tandem WT could be caused by a closed-state inactivation or by the combination of a fast and deep desensitization of these channels.
These results, collectively, indicate that the interaction between residues in positions 356 and 380 occurs in the same subunit.
D I S C U S S I O N
All native CNG channels from photoreceptors and olfactory sensory neurons do not desensitize in the presence of a steady CN concentration either cAMP or cGMP ( Torre and Menini, 1994 ; Kaupp and Seifert, 2002 ) . Similarly, functional channels composed of homomeric CNG channels, such as CNGA1 channels, do not desensitize ( Karpen et al., 1988 ; Craven and Zagotta, 2006 ) . There- Figure 6 . Illustrated representations of hypothesized molecular interactions between S6 and P helix during gating. (A) In the open (and closed) states of the WT CNGA1 channel, the hydrophobic interaction between Phe380 and Leu356 couples S6 and the P helix, and a presumed H-bond between Thr355 and Glu363 couples the P helix and the pore wall. (B) In mutant channels E363A, T355A, L356A, and F380A, these interactions are lost and, after opening, mutant channels desensitize. In mutant channel E363A, residues in positions 364 and 366 become more accessible to the reagents added to the extracellular medium. (C) A simplifi ed model of gating in CNGA1 channels: in the closed state (gray) the tip of P helices occludes the pore lumen; during gating, the S6 helix rotates by 30 ° anticlockwise, the pore is not occluded (red), and ions can permeate through it. The hydrophobic interaction between Phe380 and Leu356 couples the rotation of S6 to the motion of the P helix. lecular interactions are possible between residues in position 356 in the P helix and in position 380 in the upper portion of S6. The hydrophobic interaction between Leu356 and Phe380 provides the molecular coupling between S6 and the P helix ( Fig. 6 A ) . The upper portion of S6 is rich in hydrophobic residues (Val376, Val377, Phe380, Leu381, and Val384), whereas Leu356 in the P helix is mostly fl anked by polar residues. Therefore, when Phe380 is mutated, neighboring hydrophobic residues contribute to the coupling with Leu356, whereas in mutant channel L356C this coupling is lost. These observations provide a rationale that explains why desensitization is observed in mutant channel L356C and not in mutant channel F380C ( Fig. 4 B ) . Desensitization in mutant channels L356A and F380A is attributed to the loss of a stabilizing mechanism necessary for normal gating.
A model of gating in CNGA1 channels
The existence of a strong coupling between the upper portion of S6 and the P helix provides a simple molecular mechanism for the gating. Several previous investigations have indicated that an anticlockwise rotation of ‫ف‬ 30 -60 ° of the S6 domain ( Johnson and Zagotta, 2001 ; Nair et al., 2006 ) occurs as a consequence of CN binding in CNB domains. We propose that this anticlockwise rotation is transmitted to the pore walls by the coupling between S6 and the P helix formed by the hydrophobic interactions between Phe380 and Leu356. As a consequence of these events, P helices rotate, leading to a widening of the pore walls and, therefore, to the channel opening, as illustrated in Fig. 6 C .
Flexibility of CNGA1 channels
Several experimental results ( Becchetti et al., 1999 ; Liu and Siegelbaum, 2000 ; Contreras et al., 2008 ) indicate that the fi lter of CNGA1 channels is shorter than that of K + channels. As a consequence, the network of interactions stabilizing the pore of CNGA1 channels is less extensive and the fi lter becomes more fl exible. The fl exibility of the fi lter of CNGA1 channels is likely to underlie the poor selectivity of CNG channels ( Kaupp and Seifert, 2002 ; Craven and Zagotta, 2006 ) and the coupling between permeation and gating observed in these channels ( Holmgren, 2003 ; Gamel and Torre, 2000 ) . We are extremely thankful to Anita Zimmerman for reading and commenting on the manuscript. We thank Manuela Lough for reading the manuscript. channels is very similar, and it is possible that under normal conditions Glu363 and Thr355 in the same subunit interact as illustrated in Fig. 6 (A and B) . We speculate that under these conditions the fi lter region loses a structural pillar and, after opening the pore walls, pinches off, leading to the narrowing of the pore as depicted in Fig. 6 B . In this framework, in the presence of cGMP, mutant channels undergo conformational rearrangements ( Fig. 6 B ) similar to those observed during C-type inactivation, in which residues in positions 364 and 366 become more accessible to reagents added to the extracellular medium.
Comparison of desensitization of mutant channel E363A and C-type inactivation of K + channels
In Shaker K + channels during C-type inactivation, three residues, identifi ed as Met448, Thr449, and Pro450, become more accessible to chemical modifi cations caused by reagents in the extracellular medium ( Liu et al., 1996 ) . The Shaker K + channel M448C mutant undergoes spontaneous disulfi de cross-linking in a state-dependent manner, which becomes more prominent in the inactivated state. As shown in Fig. 2 , the cGMP-activated current of the desensitizing mutant channel E363A+T364C has a state-dependent rundown very similar to that observed during C-type inactivation in Shaker K + channel M448C mutant. A similar blockage by extracellular MTSET was observed in CNGA1 channel E363A+P366C mutant ( Fig. 3 B ) and in Shaker K + channel P450C mutant.
Molecular rearrangements during C-type inactivation were recently investigated in the KcsA channel ( CorderoMorales et al., 2007 ) , where the KcsA channel E71A mutant has a very reduced and almost absent inactivation. Crystallographic data suggest that upon channel activation, the formation of an H-bond between residues at positions Glu71 and Asp80 promotes a fi lter constriction along the permeation pathway, modifying K + -binding sites and presumably blocking ion conduction . In contrast, in CNGA1 channels, the presumed interaction between Glu363 and Thr355 is essential for stabilizing the fi lter both in the closed and open states. These differences provide an explanation for why desensitization ( Fig. 6 B ) is observed in CNGA1 channel E363A mutant, whereas C-type inactivation is almost abolished in the KcsA channel E71A mutant.
Interactions between S6 and the P helix
The results shown in Figs. 4 and 5 suggest that desensitization in mutant channels L356A and F380A is caused by the abolition of the hydrophobic interactions between Leu356 and Phe380 in the same subunit. This conclusion is supported by the observation of lack of desensitization in the double-mutant channels L356F+F380L, L356C+F380C, and L356D+L380K, where strong mo-
